Abstract Fluvial sedimentary successions represent porous media that host groundwater and geothermal resources. Additionally, they overlie crystalline rocks hosting nuclear waste repositories in rift settings. The permeability characteristics of an arenaceous fluvial succession, the Triassic St Bees Sandstone Formation in England (UK), are described, from core-plug to well-test scale up to~1 km depth. Within such lithified successions, dissolution associated with the circulation of meteoric water results in increased permeability (K~10 −1 -10 0 m/day) to depths of at least 150 m below ground level (BGL) in aquifer systems that are subject to rapid groundwater circulation. Thus, contaminant transport is likely to occur at relatively high rates. In a deeper investigation (> 150 m depth), where the aquifer has not been subjected to rapid groundwater circulation, well-test-scale hydraulic conductivity is lower, decreasing from K~10 −2 m/day at 150-400 m BGL to 10 −3 m/day down-dip at~1 km BGL, where the pore fluid is hypersaline. Here, pore-scale permeability becomes progressively dominant with increasing lithostatic load. Notably, this work investigates a sandstone aquifer of fluvial origin at investigation depths consistent with highly enthalpy geothermal reservoirs (~0.7-1.1 km). At such depths, intergranular flow dominates in unfaulted areas with only minor contribution by bedding plane fractures. However, extensional faults represent preferential flow pathways, due to presence of high connective open fractures. Therefore, such faults may (1) drive nuclear waste contaminants towards the highly permeable shallow (< 150 m BGL) zone of the aquifer, and (2) influence fluid recovery in geothermal fields.
Introduction
Fluvial deposits form thick sedimentary successions (> 0.5 km) in basins for which accommodation was generated in response to extensional, compressional and strike slip tectonics, as well as thermal subsidence (Bosellini 1989; Carvalho and Vesely 2017; Ielpi and Ghinassi 2015; Waugh 1973) . Thick accumulations of fluvial sediments of Triassic age are especially widespread, being represented in South and North America, Europe, Africa, Asia and Australia; many such examples form the fill of rift valleys that developed due to the break-up of Pangaea (Walker 1967; Waugh 1973; Ziegler 1982) . Notably, fluvial (sandstone) and lacustrine (shale, evaporite) deposits in rift settings commonly overlie crystalline basement rocks (as in this study example). Cyclical fragmentation of cratons over geological time scales places these sediments, which form rift-basin fills, upon relatively low permeability meta-igneous basement rocks. In some basins, these basement rocks are used to host nuclear waste repositories (Berglund et al. 2009; Michie 1996; Waugh 1973) . Furthermore, fluvial deposits represent porous media, which can serve as important hosts for hydrocarbon and geothermal resources (McKie and Williams 2009; Ruggeri and Gianelli 1999) ; additionally, they serve as important groundwater aquifers (Tellam and Barker 2006; Tellam 2004 ).
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This study presents a quantitative analysis to show how sedimentary and tectonic heterogeneities influence fluid flow in a fluvial sandstone aquifer at a variety of scales, up to 1,100 m below the ground surface. Assessment of groundwater behavior at such depths is important in geoscience since depth of well screens for water abstraction is typically < 100 m below ground level (BGL) in the major European and American industrial cities (De Simone 2008; Tellam and Barker 2006; Toccalino et al. 2010; Worthington et al. 2016) , whereas depth intervals associated with nuclear waste repositories are typically 200-1,100 m BGL (Martin and Christiansson 2009; Min et al. 2004; Tsang et al. 2012; Voss and Andersson 1993) . Thus, the proposed characterization allows investigation of the role of a range of geological discontinuities (e.g., stratabound joints and faults) which potentially establish hydraulic connection between a nuclear waste repository and aquifers exploited for civil use (Tsang et al. 2016) . Furthermore, exploitation of high enthalpy geothermal reservoirs typically involves extraction of fluids at depths ranging from~700 to 1,100 m from sandstone reservoir rocks in areas which are characterized by high geothermal gradient (~200°C/km). For example, fluids are extracted at such depths in the high enthalpy geothermal fields of the eastern margin of the Tyrrhenian Sea (Aldinucci et al. 2008; Ruggeri and Gianelli 1999; Truesdell and White 1973) .
However, fluvial sedimentary successions also represent productive hydrocarbon reservoirs in onshore regions of North Europe, North Africa, North America, South America and in Middle East at depths ranging from~1,000 to~2,000 m (Bourquin et al. 2010; Nguyen et al. 2013; Sadooni and Alsharhan 2004; Selley 1978) . Investigation depths of > 150 m BGL are sufficient to avoid 'karstic' features common at shallower depths (Worthington et al. 2016) . Hence, petrohydraulic characterization at these depths (> 150 m BGL) can also contribute to enhance recovery in hydrocarbon reservoirs, assessing, on analogous successions, compartmentalization effects made by sedimentary structures. Thus, the research presented here may find application in (1) safeguarding water supply from wells, (2) influencing the design of deep geological repositories, and (3) enhancing recovery in geothermal and hydrocarbon reservoirs (Bianchi et al. 2015; Gellasch et al. 2013; Huysmans and Dassargues 2006; Olivarius et al. 2015; Worthington et al. 2016; Zheng et al. 2000) .
Previous hydro-geophysical characterization studies of sandstone aquifers have mostly focused on the first 150 m below the ground surface, providing information on the effects of bedding parallel fractures and faults on water flow (Gellasch et al. 2013; Lo et al. 2014; Runkel et al. 2006; Hitchmough et al. 2007; Medici et al. 2016 ). Several petrohydraulic studies conducted on sandstone lithotypes (including fluvial deposits) have been undertaken on successions at depths ≥ 1,000 m using data from hydrocarbon extraction fields (e.g., Baas et al. 2007; Corbett et al. 2012; Zheng et al. 2000) . However, multi-disciplinary studies that investigate the hydraulic properties of fluvial aquifers (and sandstone aquifers more generally) at different scales are lacking for successions at depths of investigation of 150-1,100 m BGL.
This research investigates a specific fluvial aquifer, the Triassic St Bees Sandstone Formation, Cumbria, UK (Fig. 1a) , which has been the object of recent studies of sedimentary heterogeneities (e.g., Medici et al. 2015) . The St Bees Sandstone Formation is well suited to the study of aquifer heterogeneities since it accumulated in the rapidly subsiding (210 m/Ma) eastern Irish Sea Basin (Akhurst et al. 1998; Chadwick et al. 1994) . High rates of subsidence allowed accumulation and preservation of fine-grained argillaceous lithotypes (e.g. mudstone) typical of deposition in fluvial overbank settings in response to nonconfined flood events (Medici et al. 2015) . Such overbank deposits tend to be preferentially preserved in basins subject to rapid rates of subsidence whereby channel emplacement by avulsion does not fully rework them (Colombera et al. 2013) .
Fine-grained fluvial deposits of overbank origin represent potential low-permeability layers that are particularly well preserved in this sedimentary basin. Furthermore, the St Bees Sandstone aquifer is characterized by stratabound-type fractures (sensu Odling et al. 1999; Rustichelli et al. 2013 Rustichelli et al. , 2016 , which are particularly pervasive in this aquifer due to the layered nature of sandstone beds that possess high mechanical resistance (Bell 1992; Daw et al. 1974) . Thus, the St Bees Sandstone aquifer represents an optimum laboratory to test a wide range of aquifer heterogeneities of both tectonic (e.g., vertical joints, normal faults) and sedimentary origin (e.g., mudstone and very fine-grained sandstone layers ; Bell 1992; Knott 1994; Medici et al. 2015) . Additionally, parts of the St Bees Sandstone aquifer were drilled in the early 1990s to depths ranging from 150 to 1,100 m as part of the planning for the proposed Sellafield nuclear waste repository (Appleton 1993; Michie 1996) . Thus, this area offers the opportunity to re-analyze unpublished hydrogeological data (pumping tests and fluid conductivity and temperature logs), which were acquired during the 1990s. Such data sets can be integrated with hydro-geophysical (flow-logging, acoustic televiewer) and petrophysical data (NMR, permeability tests, SEM, petrographic microscope) to compare core-plug and well-testscale properties.
The aim of this research is to quantitatively characterize the impact of geological heterogeneities in fluvial types of aquifer up to 1,100 m BGL. Specific research objectives are as follows: (1) to document the petrophysical properties of features that serve as sedimentary flow heterogeneities in the St Bees Sandstone aquifer; (2) to identify the respective roles of matrix, bedding-plane fractures and other tectonic structures (stratabound joints and faults) on conducting flow at a range of scales (core-plug vs. well-test scale) and depths (up to 1,100 m BGL) under pumped conditions; and (3) to determine and interpret horizontal and vertical permeability anisotropy (K h /K v ) values occurring in this fluvial aquifer type at both core-plug and well-test scales.
Hydrogeological setting
The Sherwood Sandstone Group (Lower Triassic) is a continental succession that has long been ascribed to a mixed fluvial and aeolian origin (e.g., Mountney and Thompson 2002; Tellam and Barker 2006; Thompson 1970; Turner 1981) . This sandstone-dominated succession represents the UK's second most important aquifer, covering 25% of the total licensed volume of groundwater abstractions in the country (Abesser and Lewis 2015; Binley et al. 2002; Bricker et al. 2012) . Contamination has been detected in the aquifer at relatively shallow (<~150 m BGL) depths due to agricultural activity, and the release of industrial waste and sewage in urban areas (Barrett et al. 1999; Bottrell et al. 2008; Bloomfield et al. 2001; Cassidy et al. 2014; Lawrence et al. 2006; Rivett et al. 2012) ; furthermore, the Sherwood Sandstone Group hosts important hydrocarbon resources onshore in Dorset (~1,500 m BGL), as well as in the Irish Sea and in the North Sea (McKie and Williams 2009; McKie and Shannon 2011) .
The Sherwood Sandstone Group of West Cumbria was deposited on the edge of the rift basin of the eastern Irish Sea Basin, which itself represents a half-graben bounded at its margin by extensional faults that divide it from the Lake District palaeo-horst (Fig. 1b) . In this region, the Sherwood Sandstone Group attains a typical thickness of 1,300 m ( Fig.  1c ; Akhurst et al. 1998; Jones and Ambrose 1994; Nirex 1993a Nirex , 1997 and is formally divided into three different formations: the St Bees, Calder and Ormskirk Sandstone formations (Barnes et al. 1994; Holliday et al. 2008) . The study area (~3.5 × 20 km wide) is located in the St Bees-Sellafield area in NW England (Fig. 1) , and is covered by a network of wells which are typically~3 km spaced. Here, the St Bees Sandstone aquifer, which represents the focus of this study, is covered by glacial Quaternary deposits, which are characterized by an interbedded succession of clays, silts, sands and gravels (McMillan et al. 2000; Merritt and Auton 2000) . Aquifer recharge mostly arises from streams (Calder and Ehin rivers) which run off the relatively impermeable rocks of the Lake District Massif to the east (Heathcote et al. 1996; McMillan et al. 2000) . For this study, the shallow (< 150 m BGL) hydro-geophysical characterization of the St Bees Sandstone aquifer (~500 m thick) has been undertaken in the northern sector of the study area, whereas hydro-geophysical data of the deep St Bees Sandstone aquifer (200-1,100 m BGL) are from the southern Sellafield area (Fig. 1b) . Here, a deep geological repository was planned during the 1990s and a series of boreholes were drilled between fault-bounded blocks of the rift basin in the east, and the coastline to the west (Sutton 1996) . The combination of the westward dip of the beds (5-20°) and down-throw associated with normal faulting places the St Bees Sandstone aquifer at greater depths, beneath increasing thicknesses of the overlying Calder and Ormskirk Sandstone formations, towards the west (Fig. 1d) .
The St Bees Sandstone aquifer is dominated by fine-tomedium-grained sandstone of fluvial origin that passes upwards into the overlying aeolian-dominated succession Holliday et al. 2008 ). The Brockram Formation, which consists of low-permeability deposits of Permian age (conglomerate with a silty matrix, evaporites and shale) underlies the St Bees Sandstone aquifer forming an aquitard unit (Allen et al. 1997; Streetly et al. 2000) .
The St Bees Sandstone Formation is characterized by fluvial deposits of a braided-fluvial system Medici et al. 2015) . The St Bees Sandstone Formation is divided into two members: the North Head and the overlying South Head members (sensu Medici et al. 2015) . The two members are differentiated based on the abundance of finegrained mudstone layers that range in grain size from clay to coarse silt Nirex 1997) . The basal 35 m of the lower North Head Member is characterized by an alternation of fine-grained sandstone and mudstone beds. This basal aquifer passes upward into a succession dominated by sandstone, with mudstone interlayers representing only 25 and 5% of the overall succession in the upper North Head and South Head members, respectively (Barnes et al. 1994; Jones and Ambrose 1994; Nirex 1997) . Tectonic heterogeneities, which characterize the UK Sherwood Sandstone Group both where it is of fluvial and aeolian origin, are represented by extensional faults and vertical joints in West Cumbria (Allen et al. 1998; Ameen 1995; Chadwick 1997) . Bedbound vertical joints form a pervasive fracturing network; the joints terminate against bedding-parallel fractures. Locally, normal faults complicate the fracturing pattern; such faults are characterized by higher occurrence of open fractures with respect to deformation bands in the fluvial deposits of the St Bees Sandstone Formation. By contrast, fault zones in the aeolian Calder and Ormskirk Sandstone formations are more abundant in deformation bands rather than open fractures (Knott 1994) .
Deposits of the Sherwood Sandstone Group across the UK yield typical matrix porosity values of 15-30% and matrix hydraulic conductivity values of 0.1-8.0 m/day (e.g., Allen et al. 1997; Bloomfield et al. 2006; Pokar et al. 2006) . However, the St Bees Sandstone Formation shows relatively low porosity (ϕ median = 15.0%) and core-plug scale permeability (K median = 4.0 × 10 −3 m/day) values compared to the entire Sherwood Sandstone Group. The St Bees Sandstone Formation in the southern part of the Egremont-Sellafield plain is overlain by the aeolian deposits of the Calder and Ormskirk Sandstone formations which are more porous (ϕ median = 19.5%) and permeable (K median = 3.0 × 10 −2 m/ day). Wireline logs in the Triassic reservoirs of the Irish and North Sea off-shore areas confirm that the rock matrix is more porous and permeable in these aeolian deposits than in the fluvial facies (Ambrose et al., 2014 : Olivarius et al. 2015 . Historically, pumping tests undertaken at shallow (< 150 m BGL) depths yield relatively high transmissivity (T) values throughout the St Bees-Sellafield coastal plain (Fig. 1) in both wells penetrating the fluvial (n = 9; T = 30-700 m 2 /day) and aeolian (n = 3; T = 100-220 m 2 /day) deposits (Allen et al. 1997; Medici et al. 2016) . Pumping tests (n = 33; T = 0.46-8.82 m 2 /day) were also undertaken at greater depth (200-400 m BGL; Streetly et al. 2000) in the fluvial St Bees Sandstone aquifer. In this work hydro-geophysical data from the St Bees Sandstone fluvial aquifer at up to 1,100 m BGL will also be considered, in order to achieve a better understanding of the mechanisms that control hydraulic conductivity with depth.
Methods
The St Bees Sandstone aquifer from outcrop up to 1,100 m BGL has been investigated in this work at both core-plug and well-test scale. Plug-scale petrophysical analysis (petrographic microscope, scanning electron microscope with energy dispersive spectrometry (EDX), nuclear magnetic resonance (NMR), porosity and permeability tests), packer tests, pumping tests, and televiewer, static (caliper, gamma-ray, neutron porosity) and fluid (temperature, conductivity and flow velocity) logs were analyzed, the aim being to characterize the properties of this fluvial aquifer type at a range of scales (see Fig. 2 ).
Hydraulic conductivity has been investigated in this work by testing core plugs and analyzing single-borehole pumping and packer tests. The core plug (4-6 cm in length) represents the smallest scale of investigation for permeability. Singleborehole pumping and packer tests investigate the aquifer at a similar scale (~50-200 m; Fig. 2 ; Nirex 1992b Nirex , 1993a . Results from these tests were then compared to multiborehole packer tests undertaken by Streetly et al. (2000) , which represent a larger investigation scale (~50-1,000 m; Fig. 2 ).
Core-plug scale petro-hydraulic characterization Twenty-two core plugs from the St Bees Sandstone Formation of the eastern Irish Sea Basin were obtained from outcrops at South Head cliff, and Sandwith and Hutbank quarries (Figs. 1, 3, 4 ; Table 1 ). These plugs were characterized for porosity, permeability, and NMR response, and by using a petrographic microscope and SEM analyses in different sedimentary units. Core plugs of Paradis et al. 2014) cylindrical shape (diameter = 18 mm; length = 60 mm) were first tested for permeability. Next, porosity was calculated using the liquid saturation method based on Archimedes' principle and then NMR analysis was realized. Water of composition representative of the Sherwood Sandstone aquifer groundwater was synthesized in the laboratory (pH = 7.7; Salinity = 67 μS/m; Lewin et al. 1994) and was used to clean plugs prior to porosity and permeability measurements.
A constant flow-rate permeameter equipped with a pressure transducer was used to measure saturated hydraulic conductivity on cylindrical plugs cored in orientations both parallel and perpendicular to the bedding (Table 1) . Differential pressures used for permeability tests ranged from 0.1 up to 30 kPa. NMR tests provided both total porosity and T 2 (transverse relaxation time) distribution (Hossain et al. 2011; Megawati et al. 2012) . NMR measurements were made using a Resonance Instruments MARAN 2 spectrometer at ambient pressure and 34°C at a proton resonance frequency of 2.2 MHz. The T 2 relaxation curves were measured by using a repetition time of 10 s, the number of echoes set to 8000, inter-echo spacing of 200 μs, the number of scans set to 100 and receiver gain set to 65. Finally, polished blocks and petrographic thin sections were prepared from core plugs which were previously tested for NMR, porosity and permeability analyses. The petrographic microscope was coupled with the X-ray energy histograms from the energy dispersive spectrometry (EDX) of the scanning electron microscope (SEM) to detect mineralogical species. Additionally, petrographic microscope and SEM images were studied to constrain core-plug scale sedimentary heterogeneities (see Fig. 2 ). Laboratory tests undertaken in this work were also compared with porosity and permeability measurements from core plugs of the St Bees Sandstone aquifer which were extracted from the British Geological Survey (BGS)'s archives (Tables 2 and 3 ; see references therein). Then, a sedimentary unit was assigned to each core plug, i.e. availability of geological core logs from the Sellafield repository investigation (BGS's archives).
Core plugs from the outcrop were tested using simulated groundwater (electrical conductivity, 67 μS/m); however, core plugs from the previous investigations were tested using air; then the Klinkenberg correction was applied to allow integration (Allen et al. 1997; Nirex 1992a Nirex , c, 1993b .
Well-test scale hydro-geophysical characterization
Historical single-borehole pumping and packer tests data from the studied wells were reanalyzed using the ESI AquiferWin32 V.5 software package as part of this study, to obtain reliable transmissivity values from single-borehole pumping tests from both the shallow aquifer (< 150 m BGL; Bridge End Trial, Rottington Trial, West Cumbria ABH 1; all UK Environment Agency groundwater monitoring wells) and the deep aquifer beneath the Calder and Ormskirk Sandstone formations (150-1,100 m BGL, conducted in deep Sellafield boreholes BH2 and BH3). Transmissivity values were converted into mean well-test scale hydraulic conductivity by dividing by the screen length; this assumes sub-horizontal flow. This assumption is reasonable given the layered nature of the aquifer (K h > K v at the well-test scale, Streetly et al. 2000) .
Step pumping tests in West Cumbria ABH1 and Bridge End Trial wells were analyzed using the Eden and Hazel (1973) step-test analysis methodology, which determines transmissivity from single-borehole tests in confined aquifers.
Step test analysis has been preferred to analysis of the available constant flow rate tests in Bridge End Trial and West Cumbria ABH 1, since the former takes into account wellloss correction (Clark 1977; Eden and Hazel 1973; Houben 2015; Mathias et al. 2008; Mathias and Lindsay 2010) . However, aquifer transmissivities have also been computed using the Theis (1935) methodology where data relating to recovery phase (or pressure build-up) associated with constant flow-rate tests are available, as is the case for the Rottington Trial and in the deep Sellafield borehole well tests-BH2 l, BH2 s, BH3 l, BH3 s (the letters l and s stand for the long and short interval tests conducted in these wells, see Table 4 for details).
Borehole geophysical logs
Acoustic televiewer logs (Advanced Logic Technology QL40 mk5), caliper and conductivity and temperature fluid logs (pumped conditions, sampling fluid each centimeter) have been run in the shallow St Bees Sandstone aquifer by European Geophysical Services Limited (Shrewsbury, UK) in the Rottington Trial borehole. Dynamic flow velocity was logged in the Rottington Trial borehole while pumping water from~10 m below the water table at 150 L/min, using an impeller flow-meter (Geovista mk2). Fluid flow velocity was analyzed using a quantitative approach that assumes (1) quasi-steady state flow under pumped conditions, and (2) negligible ambient flow; hence, this approach only requires data from the pumped flow logs (Table 5 ; Molz et al. 1989; Fienen et al. 2004; Parker et al. 2010) . This methodology determines the transmissivity (T i ) for each layer (i), simply from the proportion of total inflow to the well entering from that layer under pumped conditions, and the overall well pumping test transmissivity (T). Core logs, pumping tests, and caliper, gamma-ray, neutron porosity, fluid conductivity and temperature logs (pumped conditions, sampling fluid every 0.15 m) in the deep confined St Bees Sandstone intercepted by Sellafield BH2 and 3 were provided by BGS; these data were originally acquired by Schlumberger during the 1990s.
Dynamic flow velocity, fluid conductivity and temperature were analyzed under pumped conditions. These techniques investigate the rock at larger scale with respect to acoustic televiewer and wireline logs which penetrate < 0.5 m (Bridge and Tye 2000) . In fact, the investigation scale of flow velocity, fluid conductivity and temperature logs under pumped conditions are similar to that of single-borehole pumping and packer (~50-200 m) tests, i.e. the scale of the perturbation in the borehole is due to the stressing of the water table ( Fig. 2 ; Day-Lewis et al. 2011; Paillet 1998 Paillet , 2001 ).
Upscaling hydraulic conductivity
Transmissivity values from short-screen well tests (< 25 m; BH2 s, BH3 s) in the deep St Bees Sandstone aquifer were Table 2 Summary of porosity and core-plug-scale hydraulic conductivity parallel (K h ) and perpendicular (K v ) to the sedimentary laminations in the St Bees Sandstone aquifer from the BGS archives (borehole core plugs)
12-92 59 Allen et al. 1997 4.8-25.9 1.21-9.14 × 10 compared with upscaled values derived from hydraulic conductivities from core plugs from the same interval. The horizontal hydraulic conductivity from sandstone plugs was upscaled using the geometric mean of the plug values and the screen length to give screened interval transmissivity. Flow in this upscaling approach is assumed bed-parallel and sub-horizontal due to the shallow dip and layered nature of the aquifer (the dip of the beds is 17 and 8°for BH2 b and BH3 b, respectively). Geometric and arithmetic means are typically used for upscaling of horizontal hydraulic conductivity in heterogeneous sandstone aquifers and hydrocarbon reservoirs (Chen et al. 2003; Jackson et al. 2003) . The geometric mean was used in this work as it well represents horizontal flow with log-normal distributed populations of plug-scale permeability values (Maliva and Missimer 2010; Zheng et al. 2000) .
Core-plug scale properties of fluvial deposits
Palaeoenvironmental significance of core plugs Twenty-two core plugs from outcropping St Bees Sandstone Formation ( Fig. 1) were tested for porosity, permeability and T 2 distribution. These same plugs have then been the object of SEM and petrographic microscope analysis aiming to define their micro-heterogeneities and mineralogical composition. The 22 core plugs that have been tested cover a range of lithologies with different palaeoenvironmental significance. Where possible, plugs have been cored along directions both parallel and perpendicular to bedding (Table 1) . Outcrop exposures at the Saltom Bay and South Head cliffs (Figs. 3 and 4) allow to link the tested plugs to architectural elements and lithofacies related to specific palaeoenvironments (e.g., floodplain, channel-fills). Twelve plugs coded 1-6 (including six cored horizontally and six cored vertically) have been grouped in a single sedimentary unit which has been named redchannel sandstone (Urs; . This sedimentary unit is red in color and is characterized by medium grain size and medium-to-well-sorted sandstone (Urs). These 12 plugs characterize both cross-bedded (planar and sigmoidal) and horizontally laminated sandstone representing the preserved deposits of sandy barforms (Table 1) . Plugs coded 7 and 8 are representative of white in-channel drapes (Uws) that overlie bedform deposits during episodes of low-flow stage. Additionally, this white-channel sandstone (Uws) contains desiccation cracks which indicate periods of subaerial exposure and drying (Uws, Fig. 3c-d ). The occurrence of welldeveloped thin laminations and desiccation cracks created a strong mechanical anisotropy and samples disintegrated during coring parallel to laminations. Eight plugs coded 9-12 (including four cored horizontally and four cored vertically) were tested from sheet-like sandstone interpreted to have been deposited by nonconfined flood events in a floodplain environment (Ush, Fig. 3a ; Table 1 ). All 22 plugs analyzed in this work have been compared with previous porosity and plugscale permeability tests that have been conducted on the St Bees Sandstone aquifer as part of the planning for the Sellafield nuclear waste repository (Allen et al. 1997; Nirex 1992a Nirex , c, 1993b . This integration allowed for enlargement of the database used for statistical analyses of porositypermeability data to include that relating to floodplain mudstone (fluvial deposits due to nonconfined flood events) origin (Fig. 3a , Um), as well as for interbedded fluvial channel and mudstone elements (Fig. 3b , Umi).
Results: SEM and optical microscope analysis SEM and optical microscope images (Figs. 5a-f, 6a-f and 7a-c) realized on three different sandstone units show how the sheet-like (Ush) and the white-channel (Uws) sandstones are characterized by a fine-grained sand, whereas the red-channel sandstone (Urs) is medium-grained sandstone. SEM and optical microscope (Figs. 5, analyses show how all the three analyzed sedimentary units (Urs, Ush, Uws) are characterized by quartzo-feldspathic sandstone (quartz 50-60%; feldspar 10-15%; other grains 25-40%). Quartz represents the main mineralogical component, followed by K-feldspar, plagioclase, biotite, muscovite, illite and chlorite. Other minerals identified include hematite and titanite. Allen et al. 1997 , Nirex 1992a , c, 1993b Petrophysical groups Energy-dispersive X-ray spectroscopy (EDX) analysis realized on red-channel (Urs) and sheet-like sandstone (Ush) and white-channel sandstone (Uws) reveal a systematic difference of cement composition between the two reddish sedimentary units (Urs, Ush) and the white sandstone (Uws). The cement (type-1) of the white-silty drape sandstone (Uws) is quartzo-feldspathic (96-100 wt%) and characterized by paucity or absence of hematite (0-2 wt%) and calcite (0-2 wt%). Although quartz and feldspars (80-95 wt%) also represent the main cement components in the sheet-like sandstone (Ush) and the red-channel sandstone (Urs), these units are typically characterized by a cement (type-2) with a significant hematite component (5-20 wt%) and the paucity or absence of calcite (0-1.5 wt%).
Optical microscope analyses show that samples of sheetlike (Ush) and white-channel (Uws) sandstones are characterized by a repetitive alternation of laminae of different grain and pore sizes which are 200 up to 500 μm thick ( Fig. 6c-f ). Coarser-grained laminations are characterized by larger pores (Fig. 6d) . Thin sections in the white-channel sandstone (Uws) show absence of pores with diameter > 150 μm since these pores are partially or completely filled by cement 7a) . By contrast, relatively larger pores (> 150 μm) are present in the sheet-like and red-channel sandstones and their dimension increases moving from the sheet-like (Ush) to the redchannelized (Urs) sandstone (Fig. 7b-c) . Macro-pores show maximum diameter up to 180 and 250 μm in sheet-sandstone and red-channel sandstone, respectively (Figs. 5f and 7b-c). However, preferential orientation of platy minerals (biotite, muscovite, illite and chlorite) parallel to bedding is systematically detectable at the microscopic scale in all the three sedimentary units (Figs. 5a-f; 6c-e and 7a-b; Urs, Uws, Ush). This is because quartz grains of ellipsoid shape and mud-clasts are also oriented parallel to the bedding laminations in all the studied lithofacies.
Pores show a typical triangular shape in the white-channel sandstone (Uws). However, elliptical sections are the most common pore outline in the sheet-like sandstone (Ush), although this lithology also commonly shows triangular shape-type pores. The red-channel (Urs) sandstone is characterized by ellipsoid and coalescent pores of irregular shape. Thus, the shape of pores changes from triangular, to ellipsoid, to irregular with increasing pore dimension and connectivity ( Fig. 7a-c) .
Results: petrophysical analysis
Petrophysical measurements on 22 core plugs from the St Bees Sandstone Formation include measurements of hydraulic conductivity, porosity and T 2 distribution. Total porosity of samples has been calculated both with the Archimedes and NMR methodologies, which gave values of 9.7-22.9% and 8.4-21.0%, respectively (Table 1) . NMR porosity thus yields Theis (1935) Well-test-scale K was found from T and screen length, i.e. assuming homogeneity and sub-horizontal flow values from 'equal to' to 18% lower than Archimedes measurements. Archimedes porosity provides more reliable values than NMR porosity for the St Bees Sandstone Formation due to presence of mineral species with high magnetic susceptibilities. The presence of paramagnetic ions in iron-bearing minerals (e.g., hematite) represent an important factor influencing T 2 measurements. Paramagnetic ions increase the rate of relaxation of the hydrogen proton, consequently reducing T 2 values (Dodge et al. 1995) . Additionally, chlorite, muscovite and biotite have large surface area and elevated magnetic susceptibilities, leading to large magnetic field gradients and low T 2 values (Morriss et al. 1997; Hossain et al. 2011) . Archimedes porosity (Table 1) increases moving from the white-channel (9.7-11.3%) to the sheet-like sandstone (15.9-17.6%) up to the red-channel sandstone (19.1-22.9%). Wireline logs which were previously realized in the West Cumbrian St Bees Sandstone (see Fig. 1b ) confirm the contrast in porosity between the red-channel sandstone (Urs) that makes up the bulk of the rock and the thin white-silty drape sandstone (Uws) since lower neutron porosity values typically characterize the latter lithotype.
Hydraulic conductivity values measured on rock samples of the St Bees Sandstone Formation show values that range over five orders of magnitude (K h = 6.81 × 10 (Table 1) . Note, K h values are not available for the white-channel sandstones since samples disintegrated (see Table 1 ). Optical microscope and SEM (Figs. 5 and 6) observations reveal how this anisotropy is related to (1) presence of finer-grained laminations characterized by small and low-connectivity pores and (2) preferential orientations of mud-clasts, platy (muscovite, biotite, chlorite, illite) and ellipsoid mineral grains (quartz). The microscope optical images illustrate the origin of the relatively higher anisotropy values (K h /K v = 12.0-30.0) for sheet-like sandstone compared to the red-channelized sandstone (K h / K v = 1.5-8.5). This contrast arises because the sheet-like sandstone facies (Ush) is characterized by laminations with different grain and pore sizes and abundance of mica and clay minerals, whereas the red-channelized sandstone facies (Urs) is not, and is therefore more isotropic. Notably, welldeveloped laminations also occur in the white silty sandstone which also appear strongly anisotropic at the petrographic microscope ( Fig. 6c-d) . In fact, these laminations, together with desiccation cracks, form the strong mechanical anisotropy that prevented coring parallel to bedding. T 2 distributions (Fig. 7) for the white-channel (Uws), the sheet-like (Ush) and the red-channel (Urs) sandstone are essentially unimodal, i.e. single intensity peaks at~2,~16 and 100 ms, respectively. Also, the modal T 2 values show positive correlation with the core-plug scale hydraulic conductivity (Fig.  7) . The hydraulic conductivity ranges for the three sedimentary units are as follows: white-drape sandstone (K v = 3.33 × 10 Results also show the same rank order of their peak T 2 values:~2,~16, and~100 ms, respectively. Furthermore, optical images show how these petrophysical groups are characterized by evident different pore sizes which increase moving from white drape sandstone (Uws), to sheet-like sandstone (Ush), to the redchannelized sandstone (Urs; Fig. 7a-c) . Permeability, pore-size and T 2 distribution in the St Bees Sandstone are therefore closely related. Core plugs show positive correlation between T 2 values and hydraulic conductivity along both the horizontal and the vertical direction (Fig. S1 of the electronic supplementary material (ESM); Table 1 ). Notably, the correlation between T 2 modal values and hydraulic conductivity is stronger along the horizontal direction (red symbols in Fig. S1 of the ESM), probably because the modal T 2 values are more markedly influenced by the larger pores, whereas the smaller pores control the minimum hydraulic conductivity (K v ).
Archive petrophysical values
Plug-scale hydraulic conductivities measured in this work on outcrops of the St Bees Sandstone Formation in the Saltom Bay to South Head area are here compared with measurements from plugs cored from both shallow boreholes (Robertgate Bridge, Low Priory Scales) in the Egremont area, and deep cores obtained from the Sellafield data archive (see boxed area labeled 'proposed Sellafield repository' in Fig. 1b for locations) . Porosity and hydraulic conductivity values from outcrop samples tested here and from the previous shallow and deep aquifer investigations are summarized in Fig. 8 and Tables 1, 2 and 3. The porosity-permeability characteristics of four distinct sedimentary units are illustrated in Fig. 8a -c: red-channel sandstone (Urs), floodplain mudstone (Um), floodplain sandstone (Ush) and mudstone, and mudstone interlayered in channels (Um/ Umi). Note that mudstone (Um), which characterizes the floodplain deposits, and mudstone that occurs interbedded with channel deposits (Umi) were not sampled from outcrop. Archive , plagioclase (Pl) and muscovite (Msc) grains elongated parallel to the bedding in red-channel sandstone, b Quartz (Qrz) and titanite (Tn) grains and a large pore partially filled by cement type 2 in red-channel sandstone, c Quartz (Qrz) and K-feldspar (K-Fd) and cement type 1 which fills pores in white-channel sandstone, d Quartz (Qrz), Kfeldspar (K-Fd) grains and cement type 1 completely filling pores in white-channel sandstone, e Floodplain sheet-like sandstone: biotite (Bt) grains are elongated parallel to the sedimentary laminations, quartz (Qrz), plagioclase (Pl) and cement type 2 were confirmed by EDX analysis, f Floodplain sheet-like sandstone: biotite (Bt) and chlorite (Chl) grains are elongated parallel to the sedimentary laminations, quartz (Qrz), Kfeldspar (K-Fd) and cement type 2 were also detected by EDX analysis (1) fine-grained, low porosity laminae and (2) coarse-grained laminae, e Sheet-like sandstone showing preferential orientation of muscovite, biotite and chlorite parallel to the bedding, f Sheet-like sandstone with blue dye showing Illite (i) and mud-clasts (Mc) elongated parallel to the bedding and alternation of (1) fine-grained low-porosity laminae and (2) coarse-grained laminae petrophysical analyses confirm how the red-channel (Urs) sandstones are the most permeable lithology at the core-plug scale (Fig. 8a-b) . There is broad agreement between matrix permeability values from shallow (up to 150 m) and relatively deep (Sellafield) investigations of the St Bees Sandstone aquifer ( Fig. 8c; Table 2 ). Core-plug scale hydraulic conductivities were measured without simulation of overburden pressure; however, this is probably not important since Daw et al. (1974) demonstrated, using multi-stage triaxial stress experiments, how intergranular core-plug scale hydraulic conductivity is only slightly reduced (by 6%) in response to an increase in lithostatic pressure of 7 MPa, representing the overburden pressure at approximately 300 m below the ground surface for this lithology. However, some minor differences are evident: outcrop-derived plugs of channel-sandstone are slightly more porous and permeable than those from borehole cores ( Fig. 8c ; Tables 1 and 2 ).
Well-test scale hydraulic properties of fluvial deposits
Results: shallow aquifer characterization Table 5) were measured while pumping at 150 L/min from within the well casing. Fluid temperature and conductivity show sharp variation near the bottom of the borehole, representing in-flows. The main in-flow zones correspond with principal bedding fractures, identified in the acoustic log (Figs. 9 and 10 ). Using the overall pumping test transmissivity (Table 4) as a constraint, the flow log was analyzed using a method which allows calculation of hydraulic conductivity of individual layers selected by the user (e.g., Fienen et al. 2004; Molz et al. 1989; Parker et al. 2010) . Layer hydraulic conductivity values ( Fig. 9 ; Table 5) (Table 3) for the channel sandstone (Urs) facies, which represents the main lithology penetrated by the Rottington Trial well. Thus, the comparison of the upscaled plug-matrix hydraulic conductivities with those derived from the pumping test and flow-log/acoustic log analysis indicates that bedding-parallel fractures, rather than the (Table 1 , this study) and boreholes (Tables 2 and 3 , previous studies): left panels show K h , right panels K v . a data points distinguishing channel sandstone, mudstone interlayers (interbedded in channel sandstone), floodplain sandstone and floodplain mudstone, b Porosity-permeability fields defined by the different sedimentary units, c Porosity-permeability fields according to samples from outcrop, shallow and deep boreholes matrix, act as the main pathways for groundwater flow in the shallow St Bees Sandstone aquifer. Additionally, other elements indicate fractures as main flow drivers of water flowfor example, the L2 flow zone located within the NHM is characterized by the most abundant occurrence of relatively impermeable mudstone beds ( Fig. 9; Table 3 ) but also the most permeable zone, suggesting that the matrix cannot represent the dominant flow pathway. The particularly high hydraulic conductivity (K = 2.6 m/day) of the L2 flow zone may be related to the strongly layered nature of this~10 m stratigraphic interval. In fact, the L2 zone penetrates several bedding discontinuities (n = 6) localized in correspondence of the contact between sandstone and mudstone deposits. Also, the L2 zone penetrates the junction between a bedding fracture and a stratabound joint which further enhances flow in this highly conductive zone; fluid temperature, conductivity and flow velocity show rapid change at 105 m BGL (Figs. 9 and 10b) in correspondence with this tectonic structure (a bedding plane fracture connected to a vertical joint, which may be similar, is shown in outcrop in Fig. 4a) . Similarly, the L6 zone in the RT well (Fig. 10a) is bounded at the base by a cluster of bedding-parallel fractures and sub-vertical stratabound joints which correspond to an inflow point (characterized by a sharply increasing flow velocity).
Results: intermediate and deep aquifer characterization
Packer tests, fluid temperature and conductivity logs were obtained from the BGS archive for the two Sellafield deep boreholes ( Fig. 11 and Fig. S2 of the ESM; BH2 and BH3 wells). The St Bees Sandstone aquifer is intercepted between 150 and 400 m BGL in the Sellafield BH2 well and between 672 and 1,100 m BGL in the BH3 well ( Fig. 1; Table 4 ). The fluvial St Bees Sandstone Formation is present in the BH2 and BH3 wells below the highly permeable aeolian deposits of the Calder Sandstone Formation (Allen et al. 1997) ; thus, the aeolian deposits of the Calder Sandstone are not intercepted by the open screen of the BH2 and BH3 wells (Table 4) . However, both the boreholes (BH2, BH3) intercept the entire St Bees Sandstone aquifer, including the North Head Member, which has relatively abundant mudstone beds, and is characterized by higher gamma-ray and lower neutron porosity values than the South Head Member (Fig. S3 of the ESM) . Hence, these two deep boreholes allow investigation of the hydraulic properties of the St Bees Sandstone aquifer at relatively elevated depths up the geological boundary between the Sherwood Sandstone and underlying Permian deposits (Fig. 1) . The two long-screen well tests (BH2 l, BH3 l) tested > 300-m intervals that fully penetrate the St Bees Sandstone aquifer but that also penetrate underlying Permian deposits. The latter sedimentary deposits represent 27 and 28% of the screen lengths in the BH2 and BH3 longinterval tests, respectively; however, short-interval tests (< 25 m) were also conducted at selected elevations within the South Head Member, which is dominated by channelized architectural elements in the Sellafield BH2 and BH3 core logs.
Analysis of the recovery data phases of both short-and longinterval tests yield transmissivities of 0.53 and 0.70 m 2 /day (Table 4) . However, analysis of fluid logs from the deep aquifer here reveals a residual contribution of fractures to flow, as sharp changes in fluid temperature and conductivity logs occur in correspondence of fractures (Fig. 11) . The BH2 log (Fig. 11a ) also shows sharp changes in fluid temperature and conductivity at 327, 335 and 358 m BGL in correspondence of vertical joints bounded by bedding fractures. Sellafield BH3 temperature and conductivity logs show inflows associated with bedding plane fractures and normal faults (Fig. 11b) .
The shallow St Bees Sandstone aquifer is characterized by low values of fluid conductivity (~50 mS/m) representative of freshwater, as seen in the Rottington Trial and other wells in the part of the aquifer covered only by superficial deposits (see previously logged wells in Fig. 1b) . Sellafield BH2 shows freshwater conductivity down to 315 m BGL but saline water (~600 mS/m) at about 350 m BGL (Fig. 11a) . The well-testscale hydraulic conductivity (K = 2.3 × 10 −2 m/day from 200 m BGL, test BH2s; see Table 4 ) may indicate that fracture alteration is not well developed here compared to that in the shallower aquifer (cavities have been detected by using optical televiewer logs at depths < 150 m BGL; see previously logged boreholes in Fig. 1b) . The Sellafield BH3 well (Fig. 11b) is characterized by conductivity values of~10 4 mS/m, i.e. representative of particularly high salinity brines; thus, the aquifer intercepted by BH3 has seen no freshwater circulation, which is unsurprising considering its down-dip location (see Fig. 1b ). Fluid logs in BH3 at depths around 850 m BGL are characterized by less frequent slope changes with respect to those from BH2 at depths ranging up to 400 m BGL (Fig. 11a-b ). Significant changes in conductivity seems to occur only in correspondence of normal faults at~850 and 950 m BGL in BH3 well, although both tested intervals in BH2 and BH3 (Fig. 11a-b) are characterized by bedding plane and stratabound fractures.
Results: core-plug upscaling for the deep aquifer
Horizontal hydraulic conductivity (K h ) from channel sandstone plugs cored in correspondence with pumped intervals of the short-interval length tests for Sellafield BH2 and BH3 were upscaled to give predicted transmissivity values based on the matrix flow component (Table 6) . Results from the K h geometric mean upscaling and measured well test transmissivities agree to within the same order of magnitude, although well test transmissivity is higher than upscaled transmissivity, most notably for the intermediate depth test (BH2s). Use of geometric mean (instead of arithmetic mean) to simulate horizontal flow is supported by the log-normal distribution of channel core plugs shown in Fig. S4 of the ESM (Maliva and Missimer 2010; Zheng et al. 2000) . This result is commensurate with analysis of fluid logs, which suggest large bedding fractures bounded by stratabound joints contribute to flow. Thus, the deep St Bees Sandstone aquifer (150-1,100 m BGL) is likely to act as a dual permeability aquifer. The ratio (T well-test /T upscaled ) between well test and upscaled transmissivity decreases from 2.8 to 1.3 at increasing depth (from BH2s to BH3s test intervals). Comparison of the cement species of the reddish/yellowish lithotypes (which are represented by sheet-like sandstone (Ush) and red-channel sandstone (Uws)) against the whitesilty sandstone (Uws) suggests that the latter sedimentary unit represents a heterogeneity of diagenetic origin. The paucity of hematite cement (0-2 wt%) in the white-silty sandstone and its abundance in the sheet-like sandstone and red-channel sandstone (5-20 wt%) demonstrates how the white-silty sandstone (Uws) represents a locally reducing zone, examples of which typically extend laterally for up to 10 m ( Fig. 3c ; Jones and Ambrose 1994) in a succession that is otherwise dominated by oxidizing conditions. Indeed, oxic conditions were dominant in the arid Triassic environments that were widespread across NW Europe at the time of deposition of the St Bees Sandstone Formation (Brookfield 2008; McKie and Williams 2009; McKie and Shannon 2011) . Such whitesandstone layers are common within fluvial red-bed deposits more widely; they are recognized in several regions across Europe, North Africa, South and North America (Beitler et al. 2005; Bourquin et al. 2010; Costamagna 2012; Michalzik 1991; Waugh 1973 )-for example in the Triassic of the North German Basin they were interpreted as areas locally characterized by reducing conditions which were triggered by oxidation of organic material at early diagenetic stages (Weibel 1998; Weibel and Friis 2004) . The low porosity and permeability, and the small-pore size distribution (indicated by SEM, optical microscope and T 2 values) of the white-silty sandstone (Uws) may have protected these reducing areas from oxidizing fluids during later diagenetic stages.
Effect of burial history and exhumation
The burial history of the St Bees Sandstone aquifer around Sellafield was investigated by Chadwick et al. (1994) , who reconstructed palaeo-temperatures from apatite minerals from the BH3 borehole. Backstripping curves show how the St Bees Sandstone Formation was rapidly buried below 2 km in the early Triassic, and then up to a 4 km depth during the Cretaceous (Chadwick et al. 1994) . Since this period, the formation has been exhumed reaching its current depth in the early Quaternary; thus, the St Bees Sandstone aquifer was exposed to weathering and to the current flow conditions in its vadose and shallow saturated zones during the last 2.5 Ma. During the Quaternary, intense weathering developed up to~10 m below the overlying glacial till; this was recognized in the St Bees Sandstone aquifer by McMillan et al. (2000) and Hough et al. (2006) . Additionally, acidic conditions (pH = 5) capable of dissolving calcite are common in the unsaturated zone (such low pH can be generated by high levels of dissolved CO 2 produced by bacterial respiration in the soil zone) of the UK Sherwood Sandstone aquifer (Moss and Edmunds 1992; Tellam and Barker 2006) . This work shows how samples collected~5-10 m below the glacial till (see Fig. 8c , outcrop samples) are characterized by porosity and permeability enhancement compared to samples from boreholes, i.e. removal of calcite, which represents an important component filling pores in the samples from the deeper, saturated aquifer (Strong et al. 1994; Waugh 1978) . Thus,~2.5 Ma exposure to weathering created a very shallow matrix alteration zone of enhanced porosity and permeability up to~10 m below the Quaternary till (schematically illustrated in Fig. 12a ). Acoustic televiewer logs show that stratabound joints pervade the St Bees Sandstone aquifer; these probably arise due to the lithospheric uplift of NW Europe. Stratabound fractures typically characterize the outcropping Sherwood Sandstone Group across all the UK Triassic basins (Allen et al. 1998; Hitchmough et al. 2007; Wealthall et al. 2001) . Additionally, core logs from the deep Sellafield boreholes (Nirex 1996a, b) indicate how such stratabound fractures exist up to~1 km depth in the St Bees Sandstone aquifer. This is consistent with previous studies on unloading joints in NW Europe; for example, mining data indicate bed-bound joints at~350 m BGL (Tratman 1967) . Also, numerical models suggest the transition between stratabound and nonstratabound joints typically occurs between 0.6 and 2.0 km (Gillespie et al. 2001) . Optical logs in the shallow St Bees Sandstone aquifer (< 150 m BGL) also show development of karst pathways in correspondence of intersections between bedding planes and stratabound fractures (Medici et al. 2016 ). This suggests how~2.5 Ma of exposure to the processes of enhancement of fracture permeability, typical of shallow aquifers, might have played a key role in influencing transmissivity distribution in this fractured fluvial aquifer, which is markedly decreased where tested at depths > 150 m below the ground surface (Chadwick et al. 1994; Streetly et al. 2000; Worthington et al. 2016) . Hence, a second groundwater alteration zone in the aquifer (see Fig. 12 ) is recognized, below the upper 10 m, that shows matrix porosity enhancement. This second alteration zone is characterized by development of karst-like features related to flowing fractures which were detected up to 150 m BGL in this study (as illustrated schematically in Fig. 12 ). Here, high groundwater flow occurs in the St Bees Sandstone aquifer, i.e. recharge of freshwater (with low pH and electrical conductivity~50 mS/m) driven by a topographic gradient dissolves the calcite which represents an important cement specie in the saturated zone of the aquifer.
Matrix vs. fracture flow
Bedding parallel fractures have been recognized as principal flow pathways in other shallow sandstone aquifers (also at depths < 150 m BGL) in several case studies across Europe and America (e.g., Bruthans et al. 2012a, b; Gellasch et al. 2013; Hitchmough et al. 2007; Leaf et al. 2012; Morin et al. 1997; Runkel et al. 2006) . However, this work shows how stratabound joints in shallow sandstone aquifers enhance flow, establishing connection between bedding plane fractures, as illustrated schematically in the conceptual model shown in Fig. 12a . Indeed, fluid and acoustic televiewer logs indicate that the major inflow zones to wells at depths < 150 m BGL in the St Bees Sandstone occur associated with the junctions between bedding plane and bed-bound fractures (Figs. 9 and 10 ). The St Bees Sandstone aquifer is characterized at shallow (<~150 m BGL depths) by a zone of enhanced permeability (K~10 −1 -10 0 m/day) where it is covered only by permeable glacial deposits. However, the deeper aquifer tested in Sellafield boreholes, not subjected to meteoric water circulation, is characterized by much lower field-scale hydraulic conductivity (by a factor of 10 2 -10 3 ). Here, the lack of meteoric water circulation is confirmed by the fact that the borehole fluid electrical conductivity is well above freshwater values (see Fig. 11 ).
Data from the West Cumbria ABH1 well (Table 4 ) located 3 km north of Sellafield locates the base of the enhanced permeability zone at a maximum depth of 150 mGBL; however, the enhanced permeability zone depth is not constrained in the St Bees-Egremont area further north, due to lack of deep wells (Fig. 1b) . Beyond this alteration zone, where the St Bees Sandstone is buried under increasing depths of the Calder and subsequently the Ormskirk Sandstone, well-test scale permeability decreases more gradually downdip to~1 km BGL. Here, the St Bees Sandstone aquifer (Fig. 11b) is characterized by groundwater with electrical conductivity values of~10 4 mS/m, i.e. representative of particularly high salinity brines that characterize the deeper parts of the eastern Irish Sea Basin (Black and Brightman 1996) . Further reduction in well-test scale permeability seen beyond depths of around 150 m BGL is likely to arise from fracture closure driven by lithostatic load (Jiang et al. 2009 (Jiang et al. , 2010 . Core-plug scale permeability experiments on fractured plugs (Daw et al. 1974; Nirex 2001 ) support the hypothesis that the slight permeability reduction from intermediate (150-400 m BGL) to deep (400-1,100 m BGL) zones arises from fracture closure with depth. Furthermore, reduction in welltest scale permeability due to fracture closure with depth is also supported by (1) reducing difference between core-plug and well-test scale permeability decreases (Table 6) , and (2) fluid conductivity logs, which show fewer irregularities at elevated depths (compare Fig. 11a-b) . This hypothesized change from fracture to matrix flow with increasing depth is illustrated schematically in Fig. 12a .
Faults
In contrast to bedding parallel and stratabound joints, extensional faults show a similar hydraulic behavior when intercepted by boreholes at range of depths as illustrated schematically in Fig. 12a . The quantitative analysis of well-bore flow logs from the shallow St Bees Sandstone aquifer shows that fault zones typically account for 50% of the overall transmissivity in boreholes cutting the fault planes (Medici et al. 2016) . Similarly, well tests (n = 33) undertaken by Streetly et al. (2000) with packers in correspondence of extensional faults at intermediate (150-400 m BGL) depths in Sellafield BH2 show higher well-test scale hydraulic conductivity (K of 3.76 × 10 −1 m/day) compared to the unfaulted parts of the aquifer (K of 9.2 × 10 −3 -2.24 × 10 −1 m/ day). Fluid logs undertaken in this work shows how normal faults in this high-mechanically resistant fluvial aquifer represent favorable flow pathways up to~1 km depth (Fig. 11b) , typical of faults characterized by relatively highly connected open fractures in their damage zones ( Fig. 4b ; Ball et al. 2010; Bauer et al. 2016; Bense et al. 2013; Caine et al. 1996; Ciotoli et al. 2014; Ran et al. 2014; Vignaroli et al. 2015) . This structural style has been considered a typical characteristic of fluvial deposits, since the argillaceous matrix of the fluvial St Bees Sandstone Formation allows brittle failure at lower stresses with respect to better-sorted sandstone deposits of aeolian origin (Knott 1994) . Note that the higher abundance of open fractures in these fault zones may also be related to the intense fault reactivation in this strongly lithified sandstone . In terms of practical applications, the presence of fault conduits at depth could potentially allow a route for contaminants from deep nuclear waste repositories situated in basement rocks to migrate upwards. It could also influence the viability of deep geothermal schemes as such faults could both allow sufficient permeability for injection/extraction, but also allow water to escape upwards.
Anisotropy in the intermediate and deep St Bees Sandstone aquifer
Core-plug scale anisotropy values from plugs (Tables 1 and 3) can be compared with those from well-test scale tests reported by Streetly et al. (2000) , who analyzed packer tests at depths > 150 m BGL in the St Bees Sandstone aquifer using Hantush (1961) methodology. Streetly et al. (2000) analyzed two different tests penetrating the South Head and upper North Head members, respectively. The core-plug scale anisotropy (K h /K v ) for the channel-sandstone has a geometric mean of 3 (based on both plugs from outcrop obtained in this study and those from boreholes obtained in previous works, Tables 1 and 3 ). This core-plug scale average value matches the well-test scale anisotropy which ranges from 2 to 6 according to Streetly et al. (2000) . Explanation for this match between core-plug and well-test scale arises from the relative homogeneity of the South Head Member, for which 95% of the succession is characterized by fluvial channel elements Medici et al. 2015) and for which red-mudstone units occur only rarely and exhibit lateral continuity of only up to 30 m Nirex 1997) . Also, the diagenetic white-silty sandstones within the South Head Member are of restricted lateral extent (< 10 m) Medici et al. 2015) ; thus, the low lateral continuity of the low-permeability heterogeneities, coupled with their relatively low preservation in the sedimentary record, limit their influence on large-scale anisotropy. However, large-scale anisotropy (K h /K v = 17-34, Streetly et al. 2000) is greater in more heterogeneous units such as the upper North Head Member (75% sandstone; 25% mudstone); this is illustrated schematically in the lower part of Fig. 12b , which represents a fluvial sequence in which the lower-permeability units are preserved. Notably, the well-test-scale anisotropy in the upper North Head Member is greater than that from the geometric means of core-plug values from the constituent units: mudstone interbedded in amalgamated channel deposits (K h /K v = 5); sheet-like sandstone (K h /K v = 4); floodplain mudstone (K h /K v = 6); see Table 3 . Additionally, well-test scale anisotropy in the North Head Member exceeds those of individual plugs from channel deposits (K h /K v = 2-8) (Table 1) . This contrast between well-test and laboratory-scale anisotropy in the upper North Head Member reflects (1) much higher lateral continuity (> 200 m) of low-permeability units such as mudstone interlayers typical of most fluvial successions (Ielpi and Ghinassi 2015; Medici et al. 2015; Nirex 1997) , which impede vertical flow, and (2) highly permeable fluvial channels dominating the horizontal flow (see conceptual model illustrated in Fig. 12b ). The influence of mudstone units that partially impede flow at the well-test scale is also supported by the 20% transmissivity reduction moving from the South Head Member to the upper North Head Member of the St Bees Sandstone aquifer (Streetly et al. 2000) . This is likely to arise in analogous fluvial successions of Triassic age which represent productive hydrocarbon reservoirs in the North Sea (McKie and Williams 2009; Olivarius and Nielsen 2016) . The presence of conductive low-angle-inclined (5-20°) and bedding parallel fractures (Fig. 4a) , which are related to the mechanical reactivation of erosional bounding surfaces of the braided fluvial-system Medici et al. 2015; , might also enhance the large-scale anisotropy over that seen at plug-scale (as illustrated schematically in Fig. 12b) .
The absence of pumping tests using observation wells prevented field-scale anisotropy quantification in the shallow aquifer (< 150 m BGL); however, other shallow fractured aquifers show anisotropy values ranging from 20 to 150 due to the effect of bedding plane fractures (Boulton 1970; Chen 2000; Neuman 1975; Odling et al. 2013) . Thus, it is likely that the shallow St Bees Sandstone aquifer (< 150 m BGL) is also strongly anisotropic due to the bedding parallel fractures which represent the main flowpaths, as observed in the fluid logs.
Permeability vs. scale in sandstone aquifers: current knowledge and future research A sharp permeability increase (up to a factor of 10 3 ) is recognized in this work moving from the core-plug scale to the scale of single borehole pumping tests in the shallow (< 150 m BGL) St Bees Sandstone aquifer. In contrast, permeability is more similar between core plug, single borehole and multiborehole scale hydraulic tests at depths ≥ 150 m BGL, indicating significant contribution of matrix flow at these depths.
Regional scale (i.e. km scale) permeability values indicate the large-scale connectivity of the fracture network in sandstone aquifer types (Michael and Voss 2009 ). Such permeability values are not available for the St Bees Sandstone aquifer (Fig. 2) .
They can be obtained by calibration of regional groundwater flow models, but also from pulse tests on wells (Maliva and Missimer 2010; Michael and Voss 2009; Noushabadi et al. 2011) . These well tests involve a cyclic withdrawal of water from the pumping well followed by a shut in period, and by measurement of the resulting pressure pulse in an observation well (Noushabadi et al. 2011) . Such experiments could be conducted on the St Bees Sandstone aquifer in West Cumbria using the pre-existing borehole network.
Conclusions
A multi-scale study of the St Bees Sandstone Formation, which represents a cemented fluvial succession, demonstrates how such aquifers are influenced by a range of heterogeneities of sedimentary, tectonic and weathering-related origin. Core-plug scale permeability and NMR analyses indicate how fluvial channel sandstone bodies, which dominate the St Bees Sandstone Formation, represent the most hydraulically conductive lithology. Beddingplane fractures, which are connected by uplift-induced stratabound joints, dominate the flow in the highly permeable (K~10 −1 -10 0 m/day) shallow aquifer, tested here to a depth of 150 m BGL, which represents a zone of fracture alteration. Flow in this highly conductive zone arises from development of karstlike pathways associated with intersections of bedding-parallel and high-angle stratabound fractures, due to flow of meteoric water at these relatively shallow depths. Here, contamination hazard to water wells is relatively high in lithified fluvial aquifers because of the potential for rapid transport of contaminants, such as wastewater from leaking sewers, along such pathways.
Well-test scale permeability was at least two orders of magnitude (10 2 ) lower at depths beyond the zone of fracture alteration. A smaller permeability reduction is seen between the intermediate (150-400 m BGL) and deep (400-1,100 m BGL) St Bees Sandstone aquifer where pore fluid is hypersaline. Notably, differences between core-plug and well-test scale permeability, and frequency of well in-flows seen in temperature and conductivity logs, also decrease between intermediate and elevated depths. This most likely indicates how fracture closure leads to a progressively more important matrix contribution to flow with increasing depth.
Notably, this work investigates a sandstone aquifer of fluvial origin at investigation depths consistent with highly enthalpy geothermal reservoirs (~0.7-1.1 km). At such depths, intergranular flow dominates in unfaulted areas with minor contribution to flow by bedding plane fractures. However, normal faults show consistent enhanced permeability up to~1 km depth. More generally, normal faults in relatively mechanically resistant fluvial deposits represent flow pathways since their large damage zones are dominated by open fractures. They therefore represent a hazard for contaminant dispersal associated with nuclear waste repositories by allowing contaminants to migrate towards shallower aquifer zones. Additionally, such normal faults can influence the viability of deep geothermal energy schemes, as they could both allow sufficient permeability for injection/extraction, but also allow fluids to escape upwards.
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